Abstract Microbial communities in coastal subsurface sediments play an important role in biogeochemical cycles. In this study microbial communities in tidal subsurface sediments of Balramgari in the state of Orissa, India were investigated using a culture independent approach. Two 16S rDNA cloned libraries were prepared from the closely located (100 m along the coast) subsurface sediment samples. Library I sediment samples had higher organic carbon content but lower sand percentage in comparison to Library II. A total of 310 clone sequences were used for DOTUR analysis which revealed 51 unique phylotypes or operational taxonomic units (OTUs) for both libraries. The OTUs were affi liated with 13 major lineages of domain bacteria including Proteobacteria (α, β, δ and γ), Acidobacteria, Actinobacteria, Cyanobacteria, Chlorofl exi, Firmicutes, Verrucomicrobia, Bacteroidetes, Gemmatimonadetes and TM7. We encountered few pathogenic bacteria such as Aeromonas hydrophila and Ochrobactrum intermedium, in sediment from Library I. ∫-LIBSHUFF comparison depicts that the two libraries were signifi cantly different communities. Most of the OTUs from both libraries possessed ≥85% to <97% similarity to RDP database sequences depicting the putative presence of new species, genera and phylum. This work revealed the complex and unique bacterial diversity from coastal habitat of Balramgari and shows that, in coastal habitat a variability of physical and chemical parameter has a prominent impact on the microbial community structure.
Introduction
For millions of years after emergence of the fi rst life forms, microbial life in the oceans infl uenced the planet's chemistry, altering the chemical balance of the oceans and atmosphere and introducing gradients of oxidizing and reducing agents. Marine microbial life thrives not only in the surface waters, but also in the lower and abyssal depths from coastal to the offshore regions, and from the general oceanic to the specialized niches such as blue waters of coral reefs to black smokers of hot thermal vents at the sea fl oor [1] . These microbes harbor a unique metabolic machinery to carry out many steps of the biogeochemical cycles, the smooth functioning of these cycles is necessary for life to continue on earth.
Our perspective on microorganisms in the environment has depended in the past primarily on studies of pure cultures in the laboratory. This view of microbial diversity is limited as it is estimated that more than 99% of organisms seen microscopically are not cultivated by routine techniques [2] . Now with the advent of sequence-based taxonomic framework of molecular phylogeny, one requires the gene sequences for identifying the types of organism occurring in any microbial community. Functioning and health of an ecosystem is determined to be contingent on its biodiversity and community structure. Thus, it is important to study the occurrence of prokaryotic phylotypes and their distributions in natural communities, which can be carried out by sequencing 16S rRNA genes obtained from DNA isolated directly from the environment [3] [4] [5] .
The northern part of the Bay of Bengal enjoys a tropical climate, governed mainly by the monsoons. The Southwest monsoon brings rainfall to the coastal areas from June to October. The temperature oscillation between summer and winter is less than 5°C. In contrast to the small variations in the temperature, the salinity showed wide fl uctuations (22.4% to 33.4%). This was largely due to the riverine fl ow from two major river systems, the Ganges and Brahmaputra, and a number of smaller rivers such as the Subarnarekha, Budhabalang, Dhamra and Mahanadi [6] . A large number of Indian horseshoe crabs have been reported to migrate towards the sandy shore of Balramgari, a unique beach along north-east coast of India, for breeding purpose throughout the year. The geo-morphological and eco-biological characteristics of this beach are totally different with respect to any other beaches of India [7] . These features make this environment unique and directs toward exploring the environmentally important diversity.
The aim of this work was to construct and analyse the 16S rDNA clone libraries to elucidate the genetic diversity and differences of microbial communities in subsurface sediments of Balramgari, North-East coast of India.
Materials and methods

Sample collection
Sediment samples utilized for the construction of libraries were collected from two points (for library I and II) from the coast of Balramgari, Orissa (Lat 19°16′ N; Long 84°53′ E), India ( Fig. 1 ). The collection of the sediment was done in coincidence with the lowest low tide at 1031 hours (tide height ~0.31 m) on 23 July 2005 . Four subpoints at a distance of 5 m away from each point at midtide level were selected for collecting the sediment samples. Sediment samples were collected by using a PVC core (depth 5 cm and diameter 5 cm).
Sediment samples for Library I (L-I) construction were collected ~100 m away along the cost towards south from sediment samples collected for Library II (L-II). Samples were immediately transported in sterile bottles in dry ice and stored at -80°C until analysis. The temperature and pH at each sampling site were measured using a centigrade thermometer and a portable pH meter (Philips 4012). The sediment samples were analyzed for their grain size distribution and organic carbon content [8] . The water content of the sediment was estimated immediately after the collection by drying a known weight of it at 100 o C for 3 hours fol lowed by the re-weighing of the sample. The loss in weight was ex pressed as a percentage of water content of the sediment. The organic content of the sediment was estimated using the chromic acid oxidation method [9] . The description of physicochemical characteristics of sediments are summarized in Table 1 .
Extraction of total community DNA from sediments
Sediment cores were sliced and upper 0-1 cm layer was removed. Sediments from 1-3 cm sections were mixed and 1 g of the mixture was used for DNA extraction. Total community DNA was extracted from all eight samples using MoBio soil DNA isolation kit (Imperial Bio-Medic) as per the protocol provided by the manufacturer and the integrity of the extracted DNA was checked by 0.8% horizontal agarose gel electrophoresis and ethidium bromide staining. The concentration of extracted DNA was checked with the help of NanoDrop ND-1000 Spectrophotometer (NanoDrop Biotechnologies, USA) and was ranged between 200 and 300 ng/ μl. DNA from replicate samples was pooled and stored at -20°C.
PCR and cloning of 16S rRNA gene
16S rRNA gene amplifi cation was performed from both the pooled extracts in triplicates using universal eubacterial primer set 530F (5' GTC CCA GCM GCC GCG G 3') and 1490R (5' GGT TAC CTT GTT ACG ACT T 3') [10] . Amplifi cation was carried out in a 25 μl reaction mixture containing 200 μM (each) dNTPs, 25 pM each primer, 1 μl (~50 ng) DNA template and 2.5 U of Taq DNA polymerase (Bangalore Genei, Bangalore, India) with 1X reaction buffer supplied by the manufacturer. The reaction mixtures were incubated in GeneAmp PCR System 9700 (Applied Biosystems) at 94°C for 5 min (initial denaturation and activation of Taq DNA polymerase), followed by 25 cycles at 94°C for 1 min (denaturation), 55°C for 1 min (annealing), and 72°C for 1 min (extension), followed by fi nal extension for 10 min at 72°C. A tube without DNA was taken as negative control. Amplifi cation was done only for 25 cycles to minimize the bias in PCR amplifi cation. 2 μl of amplifi ed DNA was examined by horizontal electrophoresis on 1% agarose gel in TAE buffer (40 mM Tris, 20 mM acetate, 2mM EDTA). To minimize the PCR drift, all the three amplifi ed PCR products from each site were pooled and purifi ed with Qiagen PCR purifi cation kit (Qiagen, USA) as per manufacturers' instruction.
16S rRNA gene library construction and sequencing
Eubacterial libraries were constructed from pooled and purifi ed PCR product by cloning into pGEM-T easy vector (Promega, USA) according to manufacturer's instructions. Transformation was done in chemically competent Escherichia coli JM109 cells (Stratagen) with 30 minutes recovery time. Positive colonies from the library were picked out and screened by colony PCR using vector specifi c primers. The amplifi cation reaction described as above was used and the PCR conditions were as follows: incubation for 7 min at 94°C (mainly for cell rupture), 35 cycles each of 1 min at 94°C (denaturation), at 55°C (primer annealing) and at 72°C (primer extension) and a fi nal elongation step for 10 min at 72°C. A total of 323 clones with proper insert (~960 bp) were purifi ed and sequenced in both directions with an automated ABI-PRISM 3730 system (Applied BioSystems Inc.). 
Real-time PCR
Qualitative PCR was performed using 7300 Real Time PCR System (Applied Biosystems) and Power SYBR Green PCR master mix supplied by Applied Biosystems. Amplifi cation was carried out in a 25 μl reaction mixture containing 50 ng of DNA, 25 pM each primer and Power SYBR Green PCR master mix. The conditions for the amplifi cation of ascV gene (Aeromonas specifi c gene) (ascV-F 5' TAA RCA GAT GAG TAT CGA TGG 3' and ascV-R 5' GAG ACS CGG GTG ACG ATA AT 3'), and recA gene (Ochrobactrum specifi c gene) (RecA_F 5' GCG CCG AAA TCG AAG GT 3' and RecA_R 5' GCG AAC CGA ACA TCA CAC C 3') and 16S rRNA gene (as an internal control), were as follows: One denaturation step at 95ºC for 10 min, 40 cycles consisting of denaturation at 95ºC for 15 sec, a common step for annealing and elongation at 60ºC for 60 sec. At the end of the PCR, the samples were subjected to melting curve analysis.
Taxonomic and phylogenetic assessment
The partial DNA sequences obtained with the vector specifi c primers M13F and M13R were assembled and edited with ChromasPro version 1.33 software. (www. technelysium.com.au/ChromasPro.html). Vector sequences were removed from both the ends. Good quality sequences of approximately 900 nucleotides were used for subsequent analysis. Both libraries were analysed for chimeric sequences and other anomalies using MALLARD software [11] by using pair-wise comparisons within a multiple alignment. Each putative chimera identifi ed by the program was checked with BLASTn [12] and further compared with closest cultured similar rDNA sequences retrieved from the DNA databases. Suspected chimeras were excluded from further analyses. Multiple sequence alignments were performed using ClustalW version 1.8 [13] . Multiple sequence alignment was edited and corrected manually using DAMBE [14] to get unambiguous sequence alignment. Appropriate subsets of 16S rDNA sequences were selected on the basis of initial results and subjected to further phylogenetic analysis using the neighbour-joining method implemented through DNADIST from the PHYLIP version 3.61 [15] . OTUs were generated using furthest neighbour algorithm of DOTUR program [16] . OTUs generated at 0.03 E.D. (Evolutionary Distance) or the OTUs formed by the sequences that present a similarity equal or greater than 97% [17] were used for taxonomic assessment. One representative clone sequence from each OTU was taken for taxonomic assessment and it was carried out using sequence match programme of RDP (www.rdp.cme.msu.edu/ seqmatch/ seqmatch_intro.jsp). Phylogenetic analysis was carried out using bayesian inference method with program MrBayes 3.0 [18] . The analysis for 16S rRNA gene consisted of 3,000,000 generations. An appropriate model of sequence evolution for data set was chosen via Akaike Information Criterion (AIC) using program MrModeltest 2.2. The model selected was (GTR+I+G) for both the data sets. Trees were sampled for every 100 generations. First 3000 trees (10%) were discarded as burnin. Bayesian posterior probabilities were calculated using 50% majority rule consensus and three independent runs were performed for each dataset. Representative sequences have been assigned GenBank accession numbers EF451854-EF451955 and EU236787-EU236933.
Statistical comparison of clone libraries
Good's coverage [19] was calculated using formula, [1-(n/ N)] X 100 (where n is the number of single clone OTUs and N is the library size). Rarefaction curves were drawn using the algorithm described by Hurlbert [20] and plotted as the number of OTUs versus the number of clones, assuming that one OTU is formed by the sequences that present a similarity equal or greater than 97%. Two libraries generated were compared using ∫-LIBSHUFF program version 1.21 [21] which uses a Monte Carlo procedure to calculate the probability that the observed difference between two libraries are due to chance. Biodiversity indices were determined at E.D. 0.03 or a sequence similarity value of 97% for bacterial population using the Shannon Index (H' = -Upi*lnpi) which was used as a measure of diversity including richness and evenness, the Simpson Dominance Index [SI' = n (n-1)/N (N-1)] [22] and the ChaoI estimator as an alternative to Shannon diversity.
Results
Analysis of 16S rDNA clone libraries
Two hundred white colonies each from both the libraries were randomly picked and amplifi ed, out of which, 323 positive clones having around 960 bp 16S rDNA insert were sequenced in both direction using vector specifi c M13F and M13R primers. Among the 323 rDNA sequences from the sediment analyzed, we have found 9 of 171 sequences from L-II to deviate by more than 5% to the E. coli K-12 16S rDNA sequence taken as standard [23] in the MALLARD programme, so considered as chimeras. We found only 4 chimeras out of 152 sequences from L-I. All chimeric sequences found, can be split into two fragments which show a reasonably high degree of homology to two very different bacteria, however none of the other sequences showed this phenomenon. These chimeras were neither submitted to database nor included for further analyses. Thus, chimeras obtained in this study were much less than those reported by Wang and Wang [24] . We found that increasing the replicates (three replicates in this study) for PCR and reducing the reaction cycles to 25 was helpful in reducing PCR drift. Finally we had 148 clones from L-I and 162 clones from L-II for further analysis. Using DOTUR programme we obtained 51 OTUs each from both libraries at 0.03 evolutionary distance. Each OTU represent a phylotypes and may be representative of a bacterial species.
Taxonomic distribution of 16S rDNA clone
The distribution of clones in each OTU, their closest cultured and uncultured homologs with similarity score to sequence match of RDP database for both library were given in detail in Tables 2 and 3 . The clones obtained were distributed in various groups of bacteria such as Proteobacteria (α, β, δ and γ), Acidobacteria, Actinobacteria, Cyanobacteria, Chlorofl exi, Firmicutes, Gemmatimonadetes, Bacteroidetes, Verrucomicrobia and Candidate divison TM7 (Fig. 2) . Proteobacteria was the dominant class of bacteria identifi ed in both the libraries as also been represented in other studies. L-I was composed of 80.38% whereas L-II contained 88.88% of the total clones of Proteobacteria, unevenly distributed within four subdivisions α, β, γ and δ. Among Proteobacteria, γ-proteobacteria was the dominant subdivision in both the libraries with 59.44% clones in L-I and 67.67% in L-II. The second most abundant subdivision was α-proteobacteria with 16.21% clones in L-I while δ-proteobacteria with 11.11% clones in L-II. β-proteobacteria were least represented with around 0.67% and 3.7% clones in L-I and L-II respectively. The second dominant taxon in L-I was the high G + C gram-positive bacteria (Actinobacteria) with 6.08% clone, while in L-II, it was Acidobacteria with 4.3% clones. All the clones affi liated in the class of Actinobacteria, Acidobacteria, Bacteroidetes, Gemmatimonadetes, Candidate division TM7 and unclassifi ed bacteria showed homology with uncultured bacterium of soil and sediments with similarity score between 89 and 98% and did not match with any closest cultured relative (Tables 2 and 3 ). Although, both libraries share common lineages, certain differences were observed, Gemmatimonadetes (2.02% clones), Fermicutes (2.7% clones) and Candidate divison TM7 (1.35% clones) were present in L-I but absent in L-II whereas Cyanobacteria (1.23% clones) and Chlorofl exi (0.61% clones) were present only in L-II ( Fig. 2 ).
Phylogenetic reconstruction of 16S rDNA clones
Phylogenetic reconstruction was carried out using Bayesian inference to determine the relationship of these OTUs to known sequences of database. Phylogenetic reconstruction revealed that all OTUs were clustering within 13 major clades belonging to different division of bacteria. Phylogenetic clustering of all OTUs from both libraries into different clades was shown in Figs. 3 and 4. Ochrobactrum intermedium, an emerging human pathogen among the liver abscess, post-liver transplantation and in the bladder cancer patients, causing presumptive bacteremia [27] . OTU32 of L-I had 96.4% sequence identity to Ketogulonogenium robustum which had the ability to produce vitamin C from substrates like L-sorbosone [28] . Phylogenetic clustering of above OTUs with there closest homologs organism was supported by 100 bootstrap value. OTU31 clustered with Rhodovibrio sp. 2Mb1, an isolate from maras salterns, a hypersaline environment in the peruvian andes [29] . OTU9 of L-I with three clones had only 82.3% sequence identity to Rhodobacter azotoformans strain S3, denitrifying phototrophic bacteria holding ability to reduce selenite to red elemental selenium [30] . This OTU had very low sequence similarity with α-proteobacteria. generations. An appropriate model of sequence evolution for data set was chosen via Akaike Information Criterion (AIC) using program MrModeltest 2.2 and the model selected was (GTR+I+G). Trees were sampled for every 100 generations. First 3000 trees (10%) were discarded as burnin. Bayesian posterior probabilities were calculated using 50% majority rule consensus and three independent runs were performed. Text in parentheses indicate the representative clone name.
Fig. 4
Unrooted phylogenetic dendogram for Library II (L-II) dataset was drawn using bayesian inference method with program MrBayes 3.0. The analysis for 16S rRNA gene consisted of 3,000,000 generations. An appropriate model of sequence evolution for data set was chosen via Akaike Information Criterion (AIC) using program MrModeltest 2.2 and the model selected was (GTR+I+G). Trees were sampled for every 100 generations. First 3000 trees (10%) were discarded as burnin. Bayesian posterior probabilities were calculated using 50% majority rule consensus and three independent runs were performed. Text in parentheses indicate the representative clone name.
degrading n-alkene (Cravo et al. unpublished, AY493563 (Fig. 5) indicates that the diversity was sampled with good level of confi dence and majority of OTUs in the sample were detected but still there is a need of more comprehensive sampling to cover rest of the undiscovered diversity. Signifi cant P = 0.05 decrease in the rate of OTU detection with increasing number of clones examined was observed in rarefaction curves of both libraries. Chao values suggest undiscovered OTUs/phylotypes in the library which could be still explored by more robust mehod. ∫-LIBSHUFF with 10,000 randomization found P value (0.001) for comparison, which provided strong evidence that none of the library is a subset of the other and two libraries are considered signifi cantly different communities.
Discussion
Study of marine microbial biodiversity is of vital importance to the understanding of the different processes of the [51] . To exclude this bias we used 25 cycles in the PCR step. Copy number of the 16S rRNA genes [52] and differential PCR amplifi cation effi cacy of DNA from heterogeneous templates [53, 54] may also introduce biases in the datasets which can lead to the misinterpretation of the data, as the proportions found in the clone libraries do not always represent the 16S rDNA proportions found in the original samples. However the uncultured phylogenetic studies provide a far less biased picture of community composition [5] than would any single cultivation technique. We carried out this work to shed light on the bacterial diversity from a tropical coastal habitat in Balramgari, northeast coast of India and to ascertain that microscopic and submicroscopic facts like the presence of gels, particulate matter, pH and other physicochemical parameters affect the bacterial diversity. For this we constructed two 16S rDNA clone libraries from subsurface sediments which lie 100 meters apart. Subset I samples used in constructing Library I had higher content of organic carbon, silt and clay but lower salinity and sand percentage, than subset II (Library II). The second major difference between two sites selected was the presence and absence of horseshoe crabs. Site I inhabits horseshoe crabs whereas site II was selected in such a way that it completely lacks the crabs. Even though it can not be proved with the present data but we believe that this could be one of the biological factor for different microbial diversity in our study.
All the clones clustered in the class of Actinobacteria, Acidobacteria, Bacteroidetes, Gemmatimonadetes, candidate division TM7 and unclassifi ed bacteria showed homology and clustered with only uncultured bacterium of soil and sediments with sequence identity between 89 and 98% and did not match with any closest cultured relative. The homology with uncultured bacteria could be due to the poor representation of cultured bacteria belonging to these classes in databases. Comparative 16S rDNA analysis showed that none of the cloned sequences are identical to any known 16S rDNA sequences in the RDP database, but revealed substantial phylogenetic diversity with little representation among cultured organisms previously studied.
We acquired only one OTU which was monophyletic with cyanobacteria from L-II; it is in accordance to the study which says cyanobacterial population was very poor on sandy shores due to, rough tides, absence of substratum and poor nutrient. Striking observation was presence of pathogenic bacteria such as A. hydrophila, O. intermedium and Pseudoalteromonas and few endosymbionts such as Mesorhizobium in L-I, which were totally absent from L-II. The presence of A. hydrophila and O. intermedium was further confi rmed by Real-time PCR using genus specifi c primers. It was observed that the pathogenic bacteria were identifi ed in the sediment where crabs were present. Therefore there could be host-parasite association between these bacteria and crab but it can not be confi rmed without further studies.
A number of sequences had shown affi liation to sulphate reducing and oxidizing bacteria along with dimethylsulfi dedegrading bacteria, these bacteria contribute over 50% of the carbon turnover of coastal marine sediments and take part in the cycling of sulphur compounds in sea water [45] . Few sequences were affi liated to nitrifying bacteria, which oxidize either ammonia to nitrite or nitrite to nitrate and covert nitrogen to a form readily available for other biological processes. This is an extremely important process, since positively charged ammonium ions bind to acidic sediment particles, where they become available for biological processes, more abundant in near shore water than in off shore regions [45] . 62.75% of OTUs (32 OTUs) from L-I and 66.67% of OTUs (34 OTUs) from L-II shown ≥87% and <97% similarity to database sequences suggesting the putative presence of new genera and species. In few cases where identity was less than or equal to 85%, the rDNA could represent new taxa that may be specifi c to the sampling site. Thus it is apparent that the diversity of microorganisms in the sediment is extensive and that the phylogenies of many dominant sediment bacteria remain uncharacterized.
In conclusion this work elucidates the existence of complex and unique bacterial profi le associated with tropical coastal habitat in Balramgari, north-east coast of India. Detected organisms probably represent novel species or genera, previously not discovered from any environment. It also demonstrates the presence of a myriad number of forces and factors in the coastal habitat which governs the bacterial diversity including physical, chemical and biological factors. Further phylogenetic and functional analyses are required for understanding the microbial diversity and community structure and their interaction with air-water, water-sediment and host microorganism-sediment interfaces. This work provides a framework for further studies of these evidently important habitats.
